The concept of developmental origins of health and disease has been defined as the process through which the environment encountered before birth, or in infancy, shapes the long-term control of tissue physiology and homeostasis. The evidence for programming derives from a large number of experimental and epidemiological observations. Several nutritional interventions during diverse phases of pregnancy and lactation in rodents are associated with fetal and neonatal programming for metabolic syndrome. In this paper, recent experimental models and human epidemiological studies providing evidence for the fetal programming associated with the development of metabolic syndrome and related diseases are revisited.
Introduction
The concept of developmental origins of health and disease (a.k.a. fetal programming) was first proposed by David Barker 1 and later defined by Alan Lucas 2 as the permanent response of an organism to a stimulus or insult during critical periods of development. The concept of programming was later expanded and defined as the process through which the environment encountered before birth, or in infancy, shapes the longterm control of tissue physiology and homeostasis. 3 Such adaptive responses often cause several diseases in adult life. The evidence for fetal programming comes from a large number of experimental and epidemiological observations. Barraclough 4 demonstrated that neonatal administration of testosterone to female rats causes ovulation failure and sterility, which are not observed if the hormone is given later in life. Importantly, Rose et al. 5 first reported that the risk of ischaemic heart disease doubled in human subjects whose siblings were still born or died in early childhood, suggesting that adverse exposures during pregnancy could cause diseases in adulthood.
Metabolic syndrome is an aggregation of risk factors (that is, overweight, abdominal obesity, hypertension, dyslipidaemia and glucose intolerance) that strongly correlates with cardiovascular disease. Several nutritional interventions during diverse phases of pregnancy and lactation in rodents are associated with fetal and neonatal programming for metabolic syndrome. In humans, both small and large for gestational age newborns have been shown to develop features of metabolic syndrome during growth and adulthood.
In this paper, recent experimental and epidemiological studies providing evidence for the fetal programming associated with the development of metabolic syndrome and related diseases were reviewed. First, associations between birth weight and the increase in cardiovascular risk in humans based on epidemiological observations were discussed. Second, we revisited evidence linking maternal lowprotein diet with development of metabolic syndrome in rodents. Finally, recent experimental studies showing the effects of maternal overnutrition in the adult offspring were presented.
Cardiovascular risk and fetal programming in humans: early evidence
Several epidemiological reports have shown associations between prenatal and postnatal exposures and the development of metabolic syndrome in adult life. Although genomically imprinted genes could potentially determine programming, several epigenetic mechanisms have been associated with altered genetic expression and the development of disease in adult life. 6 Times of famine caused by human conflicts have provided unique opportunities for the study of the impact of undernourishment during pregnancy on the development of disease in the adult progeny. Two events are remarkable in this regard: the siege of Leningrad and the Dutch famine, which occurred during World War II. Stanner et al. 7 have studied adult subjects exposed to malnutrition during gestation and afterwards, and those only exposed after birth during the siege of Leningrad by the German army between 1941 and 1944. These subjects were compared with control individuals born concurrently but outside the area of the siege and not exposed to starvation. It was found that obesity-related changes in blood pressure and endothelial dysfunction were more prevalent in the exposed groups. Nevertheless, glucose intolerance, dyslipidaemia, hypertension, obesity or cardiovascular diseases were not more prevalent among adults exposed to siege's nutritional conditions.
The Dutch famine occurred in the harsh winter of 1944-1945 after a food embargo imposed by Germany in retaliation to a rail strike. Unlike the siege of Leningrad, the Dutch famine was short (that is, 5 to 7 months) and allowed the study of malnutrition around fertilization or later in pregnancy. It has been observed that malnutrition during the first and second trimesters were associated with an increased prevalence of obesity whereas exposure in the third trimester correlated with lower to normal weight in adult life. 8, 9 In addition, subjects exposed to malnutrition in early pregnancy exhibited atherogenic lipid profile, higher plasma fibrinogen, reduced concentrations of factor VII and higher risk of coronary heart disease. In contrast, the progeny exposed to famine in late or mid gestation had impaired glucose tolerance. 10 Therefore, these results indicate that malnutrition exposure during diverse periods of pregnancy increases the risk of metabolic syndrome differentially in the adult offspring, obesity and coronary heart disease being more common in subjects exposed to malnutrition during the first half of gestation, whereas insulin resistance appears to be more common during late pregnancy exposure.
Of note, the adult phenotypes of the progeny born in Leningrad and Holland are substantially different given that glucose intolerance, dyslipidaemia, obesity or cardiovascular disease was less prevalent in the first population. One possibility for these differences is that infants born in Leningrad were exposed to malnutrition for a prolonged period of time after the war whereas those born in Holland recovered from nutrition deficits shortly after the liberation of Western Europe and might have experienced the so-called catch-up growth. Indeed, small babies exposed to intra-uterine malnutrition accelerate their growth rate if adequate nutrition is provided after birth (that is, catch-up). This growth pattern has been associated with an increased risk for coronary heart disease and higher cardiovascular mortality. 11 In line with these results and using low birth weight as a surrogate of intra-uterine slow growth, the Hertfordshire and Sheffield cohort of neonates born between 1911 and 1930 has shown that birth weights o2.5 kg were associated with increased coronary artery disease and stroke mortality, and augmented prevalence of diabetes. Indeed, 1 s.d. increase in birth weight reduces allcause mortality at the age of 75 years old by 0.86% in men and women. 12 These results appear to be independent of social class but are potentiated in women. [12] [13] [14] [15] Metabolic syndrome programming in small for gestational age humans
Programming for metabolic syndrome in adulthood of infants born small for gestational age could potentially increase cardiovascular risk. However, metabolic syndrome as a consequence of programming has been seldom studied. Although low birth weight has been inconsistently linked with later development of metabolic syndrome, [16] [17] [18] a much larger number of studies have reported programming for its main individual components. For instance, hypertension, the most prevalent component of metabolic syndrome, develops more often in small newborns who catch-up between 1 and 5 years of age. Interestingly, low birth weight was also correlated with increased adiposity in adulthood, which partly explains the development of systolic hypertension in these subjects. 19 The relevance of the catch-up growth has been largely confirmed by the United States Collaborative Perinatal Project, which studied 455 000 pregnancies in an observational multi-centre cohort between 1959 and 1974. In this study, low birth weight was not associated with increased risk of hypertension at the age of 7 years old, except in infants who gained weight faster than predicted by growth charts and were at increased risk for higher systolic blood pressure. 20 Moreover, in one important clinical trial, small for gestational age newborns were either assigned to standard or high-protein diet. Infants in the high-protein diet exhibited faster weight gain, which was associated with elevated diastolic, mean but not systolic blood pressures. 21 The lack of differences in regard to systolic blood pressures in this study might have been due to the high-protein diet chosen in a clinical trial setting. Overall, increased adiposity later in life in small for gestational age infants appears to be a pivotal condition for the development of hypertension.
Other mechanisms have been proposed for programming of hypertension in humans including reduced number of nephrons and glomeruli along with smaller kidney volume. 22 Indeed, the odds ratio for reduced creatinine clearance in low and very low birth weight babies reaching early adulthood ranges between 1.65 and 2.4 as compared with normal newborns, indicating increased risk of renal dysfunction and, thus, hypertension in the former population. 23 Simonetti et al., 24 confirmed smaller kidney size and lower glomerular filtration rate, which were associated with salt sensitivity of blood pressure in children born with low weight. Importantly, catch-up growth, by increasing renal blood flow, could further impair renal function in this pathological setting. 22 Abnormal hypothalamuspituitary-adrenal axis, altered autonomic function, increased cardiac sympathetic activation, decreased baroreflex sensitivity, endothelial dysfunction and increased metabolic efficiency have all been described in small for gestational age newborns and could also contribute for the development of hypertension. 22, 25 Altogether, these mechanisms may partly explain increased blood pressure response (rather than resting blood pressure) to psychosocial stress test in adults born prematurely. 26 Obesity is another important component of the metabolic syndrome that has been associated with fetal programming and the occurrence of catch-up in small for gestational age newborns. Indeed, catch-up growth between birth and 2 years of age predicts central obesity and insulin resistance starting at the age of 4 years old. [27] [28] [29] Interestingly, even nonoverweight children born small exhibit augmented visceral adiposity, increased insulinaemia and lower plasma levels of high molecular weight adiponectin, suggesting that programmed endocrine abnormalities may determine the development of overweight and obesity. 30 These findings are nevertheless controversial given that, in a large retrospective study, weight at 1-year old but not at birth was associated with body fat mass in adulthood, suggesting that postnatal factors are stronger predictors for the development of obesity. 31 Also, mother's weight rather than infant's body mass at birth could explain later development of obesity. 32 Abnormal glucose metabolism is an important hallmark of metabolic syndrome. In this regard, the association of both low and high weight at birth with development of type 2 diabetes is strong. In a metaanalysis comprising 14 studies and 132 180 individuals, the odds ratio for the development of type 2 diabetes ranged between 1.36 and 1.47, for high and low birth weight, respectively. 33 A recent systematic review confirmed these results even after adjustments for current body weight and socioeconomic status. 34 Notably, the association between low weight at birth, insulin resistance and type 2 diabetes appears to be stronger in newborns who remained thin until the age of 1-year old. 35 Programming mechanisms determining glucose intolerance and type 2 diabetes are obscure but may involve pancreatic b-cell dysfunction and reduced insulin sensitivity because of abnormal mitochondrial metabolism and altered epigenetic regulation. 36 Furthermore, interactions between common genetic variants and low birth weight increasing the risk of later development of glucose intolerance and type 2 diabetes have been reported. 37 Atherogenic lipid profile is another component of metabolic syndrome that has been described in adults born small. Specifically, at the age of 60 years old, low birth weight was associated with higher non-high-density lipoprotein cholesterol and apolipoprotein B whereas slow weight gain at 6 months and 2 years of age was correlated with increased non-high-density lipoprotein cholesterol and lower high-density lipoprotein. 38 Importantly, low birth weight without catch-up at 2 years of age, followed by rapid weight gain until the age of 11 years old correlated with increased risk for coronary heart disease. 39 Altogether, these studies highlight that early catch-up growth might be neutral or protective in regard to atherogenic lipid profile and confirmed earlier reports from the Hertfordshire cohort, which showed that low weight at the age of 1-year old was associated with increased total and low-density lipoprotein cholesterol, and apolipoprotein B plasma concentrations in men. 40 Nevertheless, evidence linking small birth weight and programming for abnormal lipid profile is controversial. Huxley et al. 41 published a systematic review of 58 papers involving 68 974 subjects and observed that 1 kg lower birth weight is associated with 2.0 mg dl -1 increment in total cholesterol in later life, which might not confer a substantially higher cardiovascular risk in this population.
Metabolic syndrome programming in large for gestational age humans
The link between fetal programming for metabolic syndrome in newborns large for gestational age (that is, 44 kg) is weaker than that in low birth weight infants. Also, mechanisms potentially associated with fetal programming of metabolic syndrome in small for gestational age births are much better documented than those occurring in large for gestational age newborns. Children's weight has long been suspected to be a risk factor for adult obesity but evidence is controversial, 42, 43 Likely due to maternal overweight and reduced prevalence of smoking, the incidence of large for gestational age births has been increasing over the last decades. 44 Large for gestational infants tend to become obese children. 45, 46 Furthermore, high weight at birth predicted the development of overweight in 193 056 men at the age of 18 years old in a registry-based study in Sweden. 47 Similarly, high birth weight and accelerated child growth were also associated with adult obesity in registry and questionnaire-based study in Finland. 48 However, in the Muscatine Ponderosity Study, while adult obesity often tracked obesity in infancy and adolescence, a substantial number of lean children also ended up being obese adults and vice versa. 49 Indeed, confounding factors like socioeconomic status could explain the association between child and adult obesity. 42 The propensity of large for gestational age to develop metabolic syndrome is also arguable. In the Health Professionals Follow-Up Study, 22 846 North American men self-reported medical histories and weight at birth. Although large for gestational age newborns developed obesity more often, hypertension and type 2 diabetes, two important components of metabolic syndrome, were only correlated with low weight at birth. 50 These results contrast in part with reports showing that both low and high weight at birth are associated with increased risk of type 2 diabetes and higher blood pressure in adolescents. 51 Metabolic syndrome, notably due to hypertension and high plasma triglycerides, was also more common in children born large for gestational age in a small study from China. 52 Typically associated with gestational diabetes, macrosomia is another important marker for the development of obesity in adolescents, although the strength of this association decreases after adjustments for mother's body mass index. 53 Importantly, large for gestational age infants born from mothers with gestational diabetes or obesity developed metabolic syndrome more often by the age of 11 years old. 54 Taken together, these studies provide evidence for the development of metabolic syndrome in children and adults born large for gestational age associated or not with gestational diabetes. Programming for metabolic syndrome in large for gestational age newborns could be explained in part by the progressive development of insulin resistance and other endocrine abnormalities. 55 Maternal low-protein diet programmes for the development of metabolic syndrome in rodent's offspring Although several animal species have been used experimentally for metabolic programming, we reviewed only studies with rodents because about 80% of publications focused on either mice or rats. 56 Protein undernutrition during fetal life has been consistently associated with the development of obesity and metabolic syndrome in adult rodents. In one classical model described by Snoeck et al., 57 pregnant rats were fed either a regular chow (20% protein) or an isocaloric low-protein diet (8% protein), from the first day of pregnancy until delivery. At mid-pregnancy, plasma concentrations of glucose, insulin, prolactin and progesterone were significantly lower in dams fed with low-protein diet as compared with control animals. 58 These abnormalities affecting the pregnant uterine environment might explain in part why low-protein diets consistently programme for hypertension, 59 impaired pancreas development, altered insulin response to the oral glucose tolerance test and hepatic insulin resistance in the offspring. 60 It has been suggested that early poor growth results from the development of a thrifty phenotype in the malnourished fetus. Such phenotype would predispose the offspring to develop obesity if overnutrition occurs after birth, enabling the organism to maximize energy conservation and storage should it continue to experience similar periods of nutrient restriction after weaning. 61, 62 Programming of glucose and lipid metabolism In protein-deprived newborn rats, glucose intolerance is associated with diminished insulin secretion in response to the oral glucose loading test, which persists until adulthood, and with accelerated agerelated islet cell insulin depletion. 63 Of note, the young offspring of Sprague-Dawley dams fed with 8% protein diet during gestation showed better glucose regulation than the control progeny, but exhibited faster age-dependent loss of glucose tolerance and became overtly intolerant 1 year after birth. 64, 65 In male offspring, glucose intolerance was related with insulin resistance whereas, in female rats, glucose intolerance was associated with insulin deficiency, suggesting sex-specific mechanisms.
Structure and function of the fetal pancreas are altered following maternal protein restriction as fetuses of dams fed isocaloric diet containing 8% protein (as opposed to 20% in the controls) had smaller islets with lower insulin content. 57, 66 Cellular replication, notably of b-cells, was also reduced by almost 50% in the low-protein offspring, because of prolonged cell cycle and higher cyclin D1, a marker of G1 phase, but lower NEK2, an indicator of cells in G2 and mitosis. 67 These results may reflect cell cycle blockage or lengthening in already differentiated b-cells. It may also result from permanent programming of cell kinetics that might have been imprinted on precursor cell populations before the beginning of endocrine differentiation. Indeed, the population of endocrine precursor cells that were immuno-positive for markers such as nestin, CD34 and c-Kit was decreased during the perinatal period. 67 Accelerated apoptosis has also been reported, which could, potentially contribute to reduced endocrine cell mass. 67, 68 Decreased islet cell proliferation and increased apoptosis persisted after islets of protein-deprived fetuses were removed from the disturbed metabolic maternal environment and cultured for 7 days, which suggests programming of these cells. 69, 70 Additionally, it has been shown that islet cells harvested from rat fetuses exposed to protein restriction in utero exhibit altered protein expression. 71 In late pregnancy, gene products involved in mitochondria respiration, antioxidant defences and glucagon metabolism are downregulated in pancreatic islet cells. Furthermore, reduced numbers of mitochondria and lower expression of genes involved in mitochondrial respiration have been observed in the kidneys and skeletal muscles of adult rats. 72 Of note, reduced number of mitochondria can be found in human leukocytes before the development of clinical type 2 diabetes. 73 Indeed, lower number of mitochondria in leukocytes may correlate with low birth weight and decreased glucose tolerance in adult humans. 74 Studies in animals and humans have also highlighted the critical role of early nutrition influencing lipid metabolism. [75] [76] [77] [78] Barker et al. 79 have suggested that nutritionally impaired growth, particularly of the liver during late gestation, could result in permanent changes in cholesterol metabolism that persist until adult life. On the other hand, one study using the progeny of rat dams fed 50% foodrestricted diet during pregnancy followed by control dams nursing has shown changes in triglyceride but not cholesterol levels. 80 This result suggests that the gestational period during which the dietary intervention is applied may be relevant for programming of specific abnormalities in lipid metabolism. Interestingly, postnatal hypertension and collateral cardiovascular adverse remodelling programmed by perinatal low-protein diet can be improved by maternal fish oil supplement. 81 Programming of hepatic function Abnormal function (either due to reduced expression or activity) of hepatic enzymes that have key roles in glucose homeostasis have been reported in the offspring of rat dams fed protein-restricted diets. Thus, it has been proposed that programming of adult offspring glucose intolerance could be caused by altered expression of specific hepatic insulinsensitive enzymes. Indeed, twofold reductions in glucokinases and twofold increases in phosphoenolpyruvate carboxykinase have been observed in the offspring of protein-restricted dams at 11 months of age. The resultant abnormal carbohydrate metabolism has been attributed to reduced in utero protein exposure. 82 Maternal protein restriction caused substantial reductions in hepatocyte number, steatosis of the liver and arterial hypertension in the offspring, which were worsened after exposure to high-fat diet. These results highlight the paramount importance of intra-uterine conditions and postnatal diet quality in the pathogenesis of chronic liver diseases. 83 Programming of hypothalamic function Studies in rodents indicate that fetal undernutrition determines adult adiposity. It is unclear whether increases in central adiposity are related to augmented food intake, reduced energy expenditure or both. Interestingly, rats exposed to intra-uterine protein restriction exhibit increased preference for fatty foods, indicating programming of neural networks involved in feeding behaviour. 84 Indeed, programming of appetite may stem from remodelling of hypothalamic structures and from altered expression of genes involved in responses to orexigenic hormones. 85 Furthermore, rats exposed to in utero undernourishment exhibit greater degree of obesity if given high-calorie food, indicating augmented energy conservation in these animals.
Programming of blood pressure regulation
The offspring of undernourished dams shows elevated systolic blood pressure, markedly increased fasting plasma insulin and augmented leptinaemia. 86 Hyperinsulinism and hyperleptinaemia could contribute to arterial hypertension in programmed animals. Whereas insulin resistance reflects impaired insulin actions on glucose and carbohydrate metabolism, it is also known that not all insulin-responsive tissues become insulin resistant. 87 Thus, secondary hyperinsulinism can have undesirable effects, such as chronic renal sodium retention and increased sympathetic nervous system activity, whereas resistance in other tissues, such as the endothelium, can impair vasodilation. 88 Hyperleptinaemia has also been shown to increase both sympathetic activity and blood pressure in mice with diet-induced obesity, despite resistance to the metabolic effects of the hormone. 89 Taken together, these observations suggest that insulin resistance, hyperinsulinism and hyperleptinaemia might be involved in blood pressure abnormalities seen in the offspring of undernourished dams.
Programming of kidney function
Renal abnormalities are important hallmarks of fetal programming in rodents and humans, which could potentially cause renal dysfunction and hypertension. Maternal prenatal protein-calorie restriction in rats causes renal dysfunction and impaired glomerulogenesis in the adult offspring. 90 Notably, maternal protein restriction is associated with altered mature to immature glomerular ratio at birth, and fewer functional glomeruli at weaning and later in life. 91 Reduced number of nephrons may result from suboptimal nephrogenesis during kidney development and/or loss of nephrons once nephrogenesis was complete. 92 Importantly, protein restriction causes hypertension and renal dysfunction if occurring during nephrogenesis in rats. 93, 94 In addition, the remaining nephrons have thick basal membrane and structural alterations in the pedicles of podocytes, which are incapable of regenerative replication. 94 Therefore, loss of podocytes may create areas of 'bare' glomerular basement membrane, which represent potential starting points for irreversible glomerular injury. 95 Fetal programming seems to be sexually dimorphic, given that female rats are relatively resistant to hypertension induced by perinatal protein restriction. This resistance might be due to the fact that modest maternal protein restriction does not reduce the number of glomeruli in female rats. 96 Interestingly, programming by low-protein during gestation and/or lactation in rats can be passed transgenerationally, 97 apparently in a genderspecific manner. 98 This observation suggests the potential contribution of genetic and/or epigenetic mechanisms for the pathophysiology of fetal programming in rodents.
In humans, the kidneys of growth-retarded stillborn are remarkably smaller, suggesting a renal mechanism for the development of hypertension in adults who were born small for gestational age. 99 This is in line with epidemiological data showing that newborns with low birth weight carry an increased risk of mortality from chronic diseases in adulthood, including hypertension and early onset of end-stage renal disease.
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High-fat diet during pregnancy and lactation programmes for the development of metabolic syndrome in rodent's offspring Fetal programming leading to the development of obesity and related disorders is frequently associated with maternal undernutrition and low birth weight in animals and humans. Under these conditions, the programmed offspring is more likely to develop hyperphagia, diabetes and cardiovascular diseases. 75, 101, 102 At present, however, the worldwide overweight epidemic and maternal obesity during pregnancy became serious public health hazards, which could potentially cause disease in the progeny. 103 The impact of fetal programming on the phenotype of the offspring in adult age has been assessed through experimental models. 104, 105 Studies using rodent models of maternal high-fat diet during pregnancy often result in the development of metabolic syndrome in the adult offspring. 103 Notably, the consumption of palatable processed food with highfat (mostly trans fatty acids) and/or high-sugar content causes hyperinsulinism in pregnant rat dams and promotes the development of obesity and diabetes in the offspring. [106] [107] [108] [109] [110] [111] Programmed obesity and/or metabolic syndrome result from complex interactions between maternal high energy dietary and/or maternal fat mass. 112 Several mechanistic pathways could contribute to the development of overt metabolic syndrome or abnormalities in isolated components of the syndrome in the offspring. Abnormal feeding behaviour, altered endocrine status and changes in pancreatic morphology and function have been reported. 107, [113] [114] [115] Programmed mice exhibit hyperphagia and reduced energy expenditure. Notably, augmented energy intake preceding weight gain suggests that hyperphagia is an important factor to determine the development of metabolic syndrome in the programmed offspring. 107, 113 Postnatal overfeeding induced by restriction of litter size or by cross-fostering growth-restricted offspring with normal dams is also associated with increased food intake in adult offspring. 114, 116 Programming of pancreatic function Insulin-dependent mechanisms appear to be pivotal in determining metabolic abnormalities in the programmed offspring. Hyperinsulinaemia and hyperglycaemia in mice dams at weaning trigger neonatal insulin responses via milk ingestion. Also, increased adiposity in pregnant rats results in insulin resistance in male and female offspring at 3 months of age and overt diabetes afterwards, indicating pancreatic b-cell insufficiency. 107, 113 Furthermore, assessment of islet insulin secretory function in vitro shows reduced glucose-stimulated insulin secretion in the offspring of dams fed 20% animal fat-rich diet, which indicates blunted insulin secretory capacity. These animals also exhibit enlarged insulin secretory granules suggesting deficient insulin release. 117 Programming of hepatic function and the role of lipid abnormalities Abnormal regulation of insulin signalling and increased levels of triglyceride in the liver have also been observed in the adult offspring of dams fed high-fat diet. 118, 119 Triglyceride accumulation in the liver (that is, steatosis) causes hepatic insulin resistance. 119, 120 Fat deposits directly damage the hepatocytes and are followed by inflammation, increased cytokine production and oxidative stress, abnormal cellular signalling and activation of stellate cells. Importantly, some reports suggest that liver steatosis might also be an important cardiovascular risk factor. 115 In addition to hyperphagia and endocrine abnormalities, other factors could contribute to highfat diet-dependent fetal programming. The fatty acid composition of the diet appears to be important for the fetal programming of metabolic syndrome, notably excessive maternal saturated fat intake. 121, 122 Maternal hypercholesterolaemia associated with saturated fat consumption is strongly correlated with altered offspring lipid profile, which is an important component of the metabolic syndrome. Khan et al. 123 reported reduced plasma triglycerides and high-density lipoprotein cholesterol in the offspring born to mothers fed with saturated fatty acids diet. These effects are probably due to altered maternal-fetal cholesterol transport across the placenta.
Programming of blood pressure and cardiovascular function Programmed metabolic syndrome is associated with several cardiovascular abnormalities such as high blood pressure. Interestingly, some cardiovascular effects of high-fat diet-dependent fetal programming can be prevented by the so-called predictive adaptive responses. According to this concept, when postnatal diet is similar to dam's diet, the offspring is protected from the development of disease in adulthood. 124, 125 For instance, when high-fat diet persists during postnatal period, the offspring from obese mice does not develop endothelial dysfunction. 124 In contrast, when fat-rich diet is given only during pregnancy and lactation, offspring exhibit reduced aortic endothelium-dependent vasodilatation and increased aortic stiffness. 126 Nonetheless, some studies have shown that although early exposure to high-fat diet increases blood pressure in female offspring, continuing dietary high fat during post weaning period does not prevent abnormal blood pressure. 124, 125 This may suggest irreversible effects of maternal diet on mechanisms of blood pressure regulation. 126 These observations indicate that hypertension in rats is not prevented by concordant diets during pregnancy and after weaning, which contradict the predictive adaptive response, at least in regard to blood pressure regulation. 124, 125 Although the association of endothelial dysfunction and hypertension in offspring of fat-fed dams is described in some reports, 127 dissociation between blood pressure regulation and endothelial function has also been observed. Khan et al. 123 have shown that high-fat diet during rat pregnancy leads to increased blood pressure in the offspring, which is, however, confined to female rats. In contrast, both male and female offspring exhibited abnormal endothelium-dependent vasodilatation. These findings corroborate several reports showing that hypertension and endothelial dysfunction are not invariably associated in the programmed offspring. 113 There are other potential explanations for the development of high blood pressure in programmed female rat offspring. First, high-fat diet during pregnancy induces deficiency of the cardioprotective n-3 polyunsaturated fatty acid, docosahexaenoic acid, in the offspring, which is associated with later development of hypertension. 128 Second, the activation of the hypothalamus-pituitary-adrenal axis in pregnant rats has been reported to cause permanent and gender-specific changes in the offspring's hypothalamus-pituitary-adrenal axis. 129, 130 There are substantial increases of plasma corticosterone concentration in the offspring as a result of maternal high-fat diet, which could potentially increase blood pressure. 126 Third, increased blood pressure observed in female offspring of fat-fed dams could be associated with low renal tissue renin activity. 103 In low protein-programmed offspring, blunted plasma renin activity has been associated with hypertension, which could be attributed to increases in plasma aldosterone, augmented adrenal sensitivity to angiotensin-II, 11b-hydroxysteroid dehydrogenase type 2 deficiency and/or reduced number of glomeruli. 131 However, the offspring of dams fed with high-fat diet during pregnancy did not present high plasma levels of aldosterone. Alternatively, there are reports associating low-renin hypertension with dysfunction of the renal Na þ , K þ ATPase. 132 Inhibition of Na þ , K þ ATPase activity decreases sodium reabsorption and, thereby, natriuresis. [133] [134] [135] Indeed, the activity of renal Na þ , K þ ATPase is significantly reduced in the offspring exposed to maternal high-fat diet during pregnancy, which is strongly associated with hypertension. The mechanisms underpinning the reduced activity of renal Na þ , K þ ATPase remain speculative; nevertheless there is some evidence that lipids including docosahexaenoic acid modulate its activity. 136, 137 Taken together, these observations strongly suggest that maternal diet alters different pathways that contribute to the control of blood pressure. The consumption of high-fat diets by pregnant rodents alter hypothalamus-pituitary-adrenal function in the offspring and lead to abnormal activity of the renin-angiotensin-aldosterone system with strong association with defective activity of Na
ATPase. Furthermore, defects in the cardiovascular response to nitric oxide are not invariably associated with the development of hypertension in the offspring.
Programming of hypothalamic function
In addition to the programmed endocrine and cardiovascular effects of maternal high-fat diet during pregnancy and lactation in rodents, altered central nervous system plasticity in the offspring has also been reported. 114, 138 Exposure to different nutrients during critical phases of development could promote an imbalance between orexigenic neuropeptide Y and appetite suppressor proopiomelanocortin signalling, which favours increased energy intake. 139 Neonatal hyperinsulinaemia could also contribute to altered central nervous system plasticity because it induces morphological alterations of hypothalamic nuclei involved in body weight regulation and metabolism. 140, 141 Leptin is another important regulator of energy homeostasis and appetite within the central nervous system. Leptin acts directly in hypothalamic nuclei to reduce neuropeptide Y and activate proopiomelanocortin expression, inhibiting appetite and increasing energy expenditure. 142 Importantly, maternal high-fat diet also programmes hypothalamic leptin resistance and impairs leptin signalling in the offspring, 138, 143 which causes hyperphagia and favours energy storage as fat.
Maternal nutrition during pregnancy and lactation can also modify gene expression in the offspring mostly through epigenetic mechanisms such as histone tail modifications, DNA methylation, and altered expression of histone-and DNA-modifying enzymes. [144] [145] [146] Studies have focused on genes known to be relevant for the development of metabolic syndrome including peroxisomal proliferator-activated receptor and the glucocorticoid receptor. Changes in the promoters of these genes and altered mRNA expression in the offspring of high fat-fed dams have been reported. 147, 148 Exposure to high-fat diet during pregnancy and lactation predisposes rodent offspring for the development of metabolic syndrome in adulthood. Abnormal regulation of insulin signalling and increased levels of triglyceride in the liver has been observed in the adult offspring, leading to insulin resistance and liver steatosis. Maternal nutrition also impairs the mechanisms of blood pressure control in the offspring. Furthermore, increased intake of saturated fat intake during pregnancy and/or lactation augments the expression of orexigenic peptides promoting hyperphagia and obesity in the offspring. Recent findings have shown that epigenetic mechanisms could help explain the molecular basis of metabolic syndrome in the programmed offspring (Figure 1 ).
Nutritional effects on epigenetic regulation
The exponential increase in the prevalence of obesity has occurred too rapidly to be explained completely by genetic causes. Increasing evidence suggests that changes in the epigenome caused by early environmental cues are associated with increased susceptibility to metabolic disease later in life. Conrad Waddington, who is given credit for coining the term, defined epigenetics as 'the branch of biology that studies the causal interactions between genes and their products, which bring the phenotype into being'. 149 Today's epigenetic research is converging on the study of covalent and non-covalent modifications of DNA and histone proteins, and the mechanisms by which such modifications influence overall chromatin structure. 149 Epigenetic mechanisms comprise several levels of interconnected and interdependent codes, including methylation of the cytosine residue in CpG dinucleotides of DNA, covalent modifications (including methylation, acetylation, phosphorylation and ubiquitination) of histones, and the gene- Figure 1 Fetal programming: nutritional interventions during gestation and lactation can programme the metabolic syndrome in the adult offspring. Low-protein and high-fat diets during pregnancy could alter the offspring's epigenome. The resulting phenotype is characterized by morphological and functional alterations of target-tissues (pancreas, liver, central nervous system, kidneys and cardiovascular system) favouring hyperphagia, obesity, insulin resistance, liver steatosis and altered lipid profile in the adult offspring. CNS, central nervous system; DHA, docosahexaenoic acid; NPY, neuropeptide Y; POMC, proopiomelanocortin.
regulating and chromatin-organizing activities of non-coding RNAs. 149, 150 Such processes change the binding of transcription activators and repressors to specific gene promoters, and/or alter the large-scale conformation and function of chromatin itself, which modulates gene expression. 151 Epigenetic research partly provides the molecular basis for experimental and epidemiological observations showing that the early period of life is critical in determining the susceptibility to chronic non-communicable diseases during adulthood. 150 The imbalance between nutrient intake (qualitative and quantitative) and metabolites during embryonic, fetal and/or early postnatal development may irreversibly modify the mammalian epigenome. In this way, even a brief period of sub-optimal nutrition can alter expression over a long period and compromise normal physiology and metabolism. 152 Nutritional effects on DNA methylation were studied in Agouti mouse by Waterland and Jirtle. 153 These animals present a yellow coat colour determined by overexpression of a single gene locus (Avy) and this characteristic can be modified by nutritional status. When yellow mice dams were supplemented with folic acid, vitamin B12, choline, chloride and betaine, the methylation of Avy was increased in the offspring. This resulted in more mice with an intermediate brown coat colour being born to supplemented mothers. One recent study demonstrated that maternal diet promotes changes in epigenome of the offspring in rodents. Protein restriction during pregnancy induced overexpression of the hepatic glucocorticoid and peroxisome proliferator-activated receptor-a receptors in the offspring. These alterations are accompanied by epigenetic changes that facilitate transcription of these receptors. Specifically, changes in glucocorticoid receptors expression regulation include histone modifications, promoter hypomethylation and reduced expression of methyltransferase 1 (Dnmt1). 154 Also, feeding dams during pregnancy and lactation with high-fat diet changed epigenome in primate fetuses. Impaired lipid metabolism is associated with increased expression of several relevant genes through augmented histone H3 acetylation and decreased histone deacetylase activity, both of which indicate increased transcription. 155 These abnormalities in gene expression could potentially favour the development of the overweight or obesity in adulthood.
In addition, high-fat diet during pregnancy and lactation has long-term effects on feeding behaviour. Dopamine and endogenous opioids are neurotransmitters associated with reward networks that affect animal's preference for palatable foods. Mice from dams fed with high-fat diet during pregnancy and lactation showed increased preference for sucrose and fat, which is associated with a significant upregulation of dopamine reuptake transporter in the ventral tegumental area, nucleus accumbens and prefrontal cortex, and downregulation of this neurotransmitter in the hypothalamus. Furthermore, the expression of mu-opioid receptor and preproenkephalin was increased in nucleus accumbens. In association with long-term alterations in gene expression, maternal high-fat diet can affect genespecific (dopamine reuptake transporter, mu-opioid receptor, and preproenkephalin) promoter DNA hypomethylation in the brain of the offspring, altering feeding behaviour. 156 These experimental observations, collectively, underpin potential molecular bases to the developmental origins of obesity in rodents. However, in humans, one great obstacle for concept proofing is tissue specific of epigenetic regulation. It is likely that important inter-individual epigenetic variations occur, specifically in the hypothalamus. Also, whereas initial studies will focus on DNA methylation because of the relative simplicity and stability of this epigenetic modication, epigenetic dysregulation relevant to obesity will almost certainly involve additional interacting epigenetic mechanisms. Moreover, current available technology hardly predicts genomic regions in which epigenetic modifications contribute to the transcriptional regulation of specific genes. 157 Understanding epigenetic markers, such as methylation patterns in specific gene promoters linking early nutrition to the development of disease later in life, could potentially guide early-life nutritional interventions aiming at achieving long-term improvements in human health.
Clinical implications
The increase in obesity prevalence is a major public health issue worldwide. It is clear that life style and environmental factors can contribute do obesity development, whereas the susceptibility to obesity and metabolic diseases may also originate in early development. Both experimental and epidemiological observations demonstrate the impact of inadequate maternal nutrition during gestation and lactation on the offspring. Understanding the mechanisms underlying the predisposition to future disease could lead to preventive interventions during early childhood. The new challenge is to identify effective strategies to prevent deleterious effects of programming, which could be initiated during early development in order to reduce the adverse effects of poor maternal nutrition on the offspring's health. The novel concepts of fetal programming should orient new nutrition guidelines particularly those addressing feeding habits in pregnant women aiming at attenuating obesity and related metabolic disorders in the adult offspring.
Summary
This paper reviewed evidence indicating that maternal nutrition has a pivotal role in the offspring's lifelong development in both rodents and humans. Epidemiologic observations have shown the impact of undernourishment during pregnancy on the development of disease in the progeny. Programming for metabolic syndrome of infants born small for gestational age that exhibited catchup could have an important role in the higher cardiovascular risk in these individuals. However, maternal and gestational overnutrition are more prevalent than undernutrition, at least in more affluent countries. Although the link between fetal programming and adult-onset metabolic syndrome in newborns large for gestational age is weaker, it is possible that heavy newborns are at increased risk for the development of obesity and metabolic syndrome.
Reduced protein intake during gestation and lactation results in target-organ abnormalities, which predispose the offspring for metabolic syndrome. The thrifty phenotype is associated with obesity and impaired glucose metabolism. Also, insulin resistance, hyperinsulinism, hyperleptinaemia and impaired kidney organogenesis could contribute to the development of high blood pressure in the offspring. Dams' overnutrition may produce similar phenotypes in the adult offspring. The excess of saturated fat in the diet during critical periods of development causes abnormal regulation of insulin signalling, increases triglyceridaemia and impairs mechanisms of blood pressure regulation. Furthermore, increased saturated fat intake during pregnancy and/or lactation augments the expression of orexigenic peptides promoting hyperphagia and obesity in the offspring.
